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Synopsis
Thisworkisconcernedwithinductionmotortransients .resultingfromd輌sconnecting
themotorfromonesourceandreconnectingittoanother.Thetorqueandcurrent
transientsdependprimarilyupontheresidualmotorvoltage,thephaseofthereapplied
voltageattheinstantofreconnection,theratioofthefrequencyofthetwosources,and
theloadinertia.Goodagreementisfoundbetweentheoreticalresultsbaseduponstandard
trans三entanalysisandexperimentalevaluationofthetorque,currentdndspeedtransients.
Inthisstudy,allmeasurementsandtestsareperformedona200V,1.5kWthree-phase
inductionmotor,andinvestigatedundertheconditionthattheratioofthereapplied
voltagetothefrequencyisconstant.
1.Introduction
The .availabilityofvariablefrequencyandvariablevoltagestaticpowerconverters
hasmadeitpossibletodevelopavarietyofvariablespeeda.c,motordrives .Theuseof
variablespeeddrivestocontrolinductionmotorshasreceivedparticularattentionbecause
inductionmotorsarerelativelycheapandrequirelittlemaintenance.
Polyphaseinductionmotorscanusuallybeoperatedatanyoneofasetofsteady
statespeedsbyutilizingvarious'cOmbinationsofpoleconnections.Inmanyapplications,
itsu缶cestorestricttheuseofthevariablefrequencydriveto .controllingthemotor
duringatransitionfromoneofthesespeedlevelstotheother .Insuchcases,themotor
isa)disconnectedfromtheline,b)connectedtotheconverter,c)driventothenext
desiredspeedleve1,d)disconnectedfromtheconverterand,finally,e)isreconnectedto
thelinewiththepoleconnectionsappropriateforthenewspeedlevelatlinefrequency .
Weshallrefersubsequentlytothissequenceofeventsasadisconnect-reconnectoperation.
Severalauthors"・213,havestudiedthesteadystatepropertiesofinductionmotors
drivenfromvariablefrequencysupplies,andBerg《4,hasstudiedtheproblemofmini-
mizingthetransitiontime.References5-8areexamplesofstudiesofthetransients
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resultingfromthedisconnect'reconnectoperation.Reference9dealswithtransients
resUltingfromstar/deltatransformations.Theobjectof.this
.studyis-toevaluatethe
motortransientseXperimenttallyandcomparethese.withtheresultsobtainedfromanal-
yticalandsimulationstudies.Inthisstudy,theauthorsinvestigateunderthecondition
thattheratioofreconnectedsupplyvoltagetothefrequency三sapproximately4 .0.
2.Analy8is
2.1Fundamentalassumptionsandconditions.
Subsequenttransientanalysisisbaseduponthefollowingfundamentalassumptions
abouttheinductionmotor.
(1)Thedistributedwjndingsproduceasinusoidaldistributionofm.m.f.
,(2)Eddycurrentsandhysteresiseffectsarenegligibleandtheairgapisuniform..
(3)Thefluxpathsdonotsaturate.
(4)ThewindingresistancesandinductancesareconStantindependentoffrequency
andspeed.'.
Conditionsonthereappliedvoltageareasfollows:
(1)Thereappliedvoltagesarebalancedanddonotfiuctuateduetoreconnection.
(2)RelationshipbetweenthereappliedvoltageVandthefrequencyisheldconstant,
V/ft4[V/Hz].
2.2Voltageandcurrentequations.
Figurelshowstheinstantaneous・positive-sequenceequivalentcircuitofathreephase
ipductionmotor(9)(lo}.Thepositive-sequendevoltageequationsforthestatorandtherotor
areaccordingly。
Vs1=(Rs十PLs)i8t十PLmiri、(1)
0=(Rr十 ノ)」乙丁)irl十方Lmisi-eVt,(2)
ev1=ゴ初m(Lriri十Lmirl)(3)
wherethetimetismeasuredinreferencetotheinstantofreconnection.
R・ig、
,二 と,、
Vsl
■S1 ir1
Fig・11nstantaneouspositive-sequenceequivalentcircuit
TakingtheLaplaceTransformonl)othsidesofEq.(1)～(3)andsolvingIsi(s)and
Iri(s),wehave
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ISi(5)=[{Vl(5)十Lmiア10十L,i.10}{、Rア十(5一元ωm)Lア}一(Liア10十Lmi8io)sLm]/A(5)(4)
Iri(s)=[(、乙mi,10十、乙riア10)(R,十∫L,)一(VSi(∫)十Lsitie十Lmirlo)(∫一元ωm Lm]/A(s)(5)
A(5)=(LtLr-L2m)(∫十α1一刀31)(5十α2一カ日2)≒0(6)
where.
・・,・,一丁[霊 祭 鴫(VA・+B・+A)](・)'
β1,β,一丁[・」 ン丁(VA・+B・-A)](・)
A=:(`-Wh'RL
.'-LL,R-')・一ム讐,。 一 ・(・)
B=2ωm(L.1～ アー Z庁R8)/(Ls.乙アー L2m)(10)
Thelinevoltagesarebalanced,andtheLaplacetransfor皿ofthereappliedpositive.
sequencevoltageinEq.(4)and(5)isconsequently・
▽・一ン㌍ 芸(・ ・)
Sincethestatorcoilsareopenpriortoreconnection,theinitialconditionof`81is
i、、。=0(12)
andtheresidualvoltageofthereferencestatorphaseis
、。-V-2-E(、-S)、-E-;・'。。、{(、-S)。・〆+φ'}(、3)
whereωm=(1-5)ω'.
Sincetheresidualvoltageinthestatorisprodu㏄dbytherotorcurrent,wehavenext
equationforreferencephasestatorvoltageandrotorcurrent
・L裏 芸一・。(・4)
Thedurationofdisconnectionisrelativelyshortandthet;meconstantL。/Rアisalso
negligiblysmallcomparedtothemechanicaltimeconstantJ/Doftherotor.Asaresult,
thesolutionofEq,14is
ir。一・([1'{illliii(.・L-・)E・一芸 ㌦ ・(・。・+φ・)・(・5)・
Thepositve'sequencecurrenti,tisobtainedbyusingEq.(15).
ir、一ン吾(・-s)E、一芸 ・'～・wmtt・・'-9ωmLm)(・6)
Substitutingthetimeintervaltl'ofdisconnection,slipSoandangularvelocityωmoof
rotorattheinstantofreconnectionintoEq.(16),weobtain
_&,1'
五ト(1rS,)Eε ム・(17)
Theinitialvalueof∠rlisobtainedfromEq.(16),
i。-vt2。念 ・ゴ(πφ一一2)(・8)
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whereφistheinitialphaseangleoftheresidualvoltagereferredtothereconnected
sourCevOltage.
UsingEq.(6)throughEq.(12)andEq.(18),andtakingtheinverseLaplacetran-
sformofEq.(4)and(5),wegetthecompletesolutionsforinstantaneous.positive.sequence
statorandrotorcurrents"
i・一ン菩・[Vlε・・({。、+ブ緩γ≦繍 監 撒;一β、)}・…
+(一。、+莞紘≒61譜5鵠1β1一 β,)・・一α1+・・)t
+一 ・・一⑭+念 ～(φ一計
・(R。/L。-」ωπα2一α1+元(β、一 2)・・一 '・躍'・t+。、鷲 冠 竺β、)・←r・+舖・)り](・9)
ir・一ン豆 ・[芸v・ε・・(一 ψ ・
・+{(
。,一。、)歳 鵬 、濃 、+1(β、一。)}・・一 ・t
.+一 ・・一㊥+。 念 。・'(φ一」こ2)
・{R-ma"-L.,(+,・9i,'一'Si]・・一・'・肋・ 橿圭2:宥謡1・ ・一・・+ip・)t
.一{合(一α・+元(ξ一 ω・)、(一。岬 、α、 α、+」(β、一β,))t+蕊 幾 謝 ・・一・・+・り}](・ ・)
whereδ==Lr/(L、L,-L2m).
Thestatorandrotorcurrehttransientsofthereferencephasearecalculatedfrom
Eq.(19)and(20)withtheaidoftransformequation(21)・
is－ンξR・ω(、 、)
ir-w告R・(ir・)
wherethenotationRe(i、1)impliestherealpartofゼ,1.Equation21expandinto
i、(の=ン2δ(V、{ηicos(ω 彦+ξ)一 η2sin(ωZ+ξ)}.
十[V、{η8CO5(β1t十ξ)一 η4sin(βit+ξ)}
+藷
。{・…(β・t+φ一そ)一・・S・・(β・r+φ一9)}]・一
十[τノ、{rpsCOS(β2彦+ξ)-rp6sin(β2t十ξ)}
一 念{・ ・…(β ・t+φ二 号)一 ・・s・n(β・t+φ一 号)}]・-a・り(22)
and
i・(の－vi・(芸v・{ηi・s・n(・t+ξ)一・・…(・t+ξ)}
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+[。念{・ ・5C・・(β・エφ一丁)一・・65仇(β・一φ一丁)}
一 ピ{・・・…(β1・+ξ)一・・・…(β1・+ξ)}
一;:岳{・・9…(β・t+φ一丁)一…5・・(β・t+φ一号)}]・一…
+[。。念{・ ・7…(β・・+φ一号)一η18瓢β・・+φ一丁)}
圭 γ・{η1・…(β・t+ξ)一…5・・(β・・+ξ)}
一鶴{・ ・・…(β・t+φ一号)一η22瓢β・t千・一号)}]・一・・り(23)
Thecoef五cients,η{(∠=1,2,…,22)aref皿ctionsoftheequivalentcircuitparametersofthe
i・d・・ti・nm・t・・,theelect・i・a・g・1・・v・1・ ・ity
.ω…ndtheang・1・ ・f・eq・ ・n・y・fth・
reconnectedvoltageω.
2.3Transienttorque
Theirlstantaneouselectromagnetictorqueontherotoris
T=-2glm(Lmltlirt)(24)
where、lmmeans"theimaginarypartof",andthebarmeansthe"complexconjugate
of　.'
ThemechanicaltransientsareobtainedbycombiningEq.24with
T-t'≒ヂ+号・m+T・(25)
whereT.istheloadtorque.ThecurrentsandtorqueinEqs.22through24arethe・
mselvesfunctionsofbothωmandt.Thoughtheelectricaltimeconstantissosmallin
comparisonwiththemechanicaltimeconstant,therotorspeedchangeswithtimetfor
thetransient.However,itispossibletonumericallycalculatemotortransientsbysolving
Eq.22～25simultaneously.
3.MeasurementsandAnalyticalResults
3.1Measurements'
Allmeasurementsandtestswereperformedona200V,3-phase,1.5kW,.6.6A,
50Hz,4-polesquirrelcageinductionmotor.Conventionallightrunning,lockedrotor,
andresistancetestswereconductedinordertoevaluate,theelectricalparameterofthe
machine,andaseriesofretardationandno-loadmechanicallosstestswereperformed
toevaluatetherotationalmomentofinertiaanddampingcoef丑cientofthesystem.The
electricalconstantsofthetestedmotorwereR。r1.277Ω,R,=1.032Ω,ls=lr=O.0041H,
andLm=0.0999H.ThemechanicalconstantsofthemotorwereJ=0.0070Nmsec2/rad2,
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,Fig.2Examplesofmeasurement(200v50H→120v/30v/Hz)
D=O.OOO73Nmsec/radandtheinductionmotorcoupledd .c.machinesystemhadJ=
0.084Nmsec2/rad2andD=0.0061Nmsec/rad.Weuseda3-phasesynchronousgenerator
asavariablevoltagevariablefrequencysupply.Thegeneratorwasratedat10KVA
anditsfrequencycouldbevariedfrom10to100Hz.Thetransienttorquewasmeasured
byattachingamagnetostrictivetransducertotheshaftandsensingthevoltageitinduced
inastationarycoil.Thedisconnect・reconnectoperationwasperformedbymanually
operatingasolid3-phaseknifeswitch.Obviously ,theswitchっffperiodcouldnotbe
controlled,butbecausethereferencephasevoltagewasrecorded ,thephaseandthe
durationofswitch-offcouldbedetermined.Experimentalrecordingsoftorque ,speed,
voltages,andcurrentsoftheinductionmotorcoupledd .c.machineareshowninFigs.2
and3.Fromtheresults,theactualswitchingtimescouldbeaccuratelydetermined.These
samevalueswereusedforthetheoreticalcalculationsinordertomakethetheoretical
workconsistentwiththeexperimentalresults.Afterthis,allmeasuredandcalculated
resultspertaintothecasewheretheinductionmotoriscoupledtoad .c.machineas
aninertiaload.
Themeasuredspeed-transienttorquecharacteristicsareshowninFigs.4and5.The
dampingtimeconstantoftheresidualvoltageshowninFigs.2and3isequaltoO .107
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Fig.4Measuredspeed-transienttorquecharacteristics
(200v/50Hz→120v/50Hz)
sec.ThevaluecalculatedbyusingtheelectricalconstantsisO.102sec.Therefore,the
measuredvalueagreeswiththecalculatedvalue.
3.2Comparisonsbetweenmeaguredandcalculatedresults.
Figure6representsthetransienttorqueoftheinductionmotorduetoreconnection
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Fig.7Compaエisonbetweenmeasuredandcalculatedreconnection
transienttorque('8=0.044sec200v/50Hz→280v/70Hz)
toa120V,30Hzsupplydisconnectionfroma200V,50Hzline.Theswitch.offinterval
wasO.042sec.Figure7representsthetransienttorqueduetoreconnectionofthe280V,
70Hzsupplyafterdisconnectionfromthe200V,50Hzline.Theswitch.offintervalwas
O.044sec.Figures6and7showthatthenumericalsolutionsoftransienttorqueagree
withthemeasuredresults,andalsothecalculatedonesbyd-q・omodelsimulations.
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nectedsupplyfrequency,f2,issmallerthanthesupplyfrequency,fi,and .(2)whenf2is
largerthanfs.
4.1TransienttorquewaveformsandeffectsofMomentofInertia.
Incaseof(1),itisfoundfromFigs.4and6thatalargenegativetorqueoccurs
immediatelyaftertheinstantofreconnection.Thishappensbecausethe,machinespeed
isabovesynchronousspeed,andthemotoractsasa 、gene;ator..Figure8showsthe
calculatedtransienttorquesandspeedsfordfferentvaluesof.Jwithconstantts,φ,and
ξfollowingadisconnect-reconnectoperation.Inspectionofthetransienttorq亘einFig.8
showsthatthemomentofinertiainfluencestheamplitudeandthenumber .ofoscillations
ofthetorque.Incaseof(2),oneoftheresultsisshowninFig.・7.Inthiscase,the
machineoperatesasamotorinalltheregionfromreconnectionthrough.steadyoperating
state.Figure9showsthecalculatedtransienttorquesandspeedsfordifferentvaluesof
Jwithconstantts,φ,andξfollowingadisconnect-reconnectoperation.Itisfoundfrom
Fig.9thatthepositivetransientmaximum・torqueisindependentofthem6mentof
lnertla.
4.2EffectsofthephaseangleoftheapPliedvoltageattheinstantofrecon・
nectionandthefrequency..,
Figures10andllshowthecalculatedcurrentsfordifferentvaluesofξwith
constantts,φ,andJfollowingadisconnect-reconnectoperation.It:isfoundfromthese
V40
ξ=π
撒
ψ
0.1
11,μ
x.,v
Fig.10Effectsofphaseangleξattheinstantofreconnectionon
transientcurrents(ts=0.1secφ=0200v/50]E丘→120v/30Hz)
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Fig.12Effectsofξonreconnectiontransienttorque(ts==O.013sec200v/50Hz→160v/40Hz)
two丘guresthattheamplitudeofthetransientcurrentimmediatelyafterreconnectionis
inHuencedbythephaseangleoftheapPliedvoltageattheinstantofreconnection.
Figures12and13showthecalculatedtransienttorquefordi丘er飽tvaluesofξwith
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Fig.15Reconnectiontransienttorque(ts=0.013sec200v/50Hz→80v/20Hz)
constantts,,φ,andJfollowingadisconnect・reconnectoperation.ItisapParehtfrom
Fig..12thatthetransientnegativepeaktorque,Tp,isinfluencedconsiderablybyξ,and
themaximumvalueofTpeventuallydevelopestoabouttripletheminimumvqlueof
Tpwithξ.ItisfoundfromFig.13thatthenegativetransienttorqueisinfiuenced
considerablybyξ,butthepositivetransienttorqueisindependentofξ.・Asshownabove,
themaximumtransienttorqueeventuallydevelopestonearlytentimestheratedtorque.
Fordfferentvaluesoff1.,f2,anditsratio,wehadalotofmeasuredandcalculated
data.Figures14and15respectivelyarerepresentative.Asaresultofconsideringmany
data,輌twasfoundthat,iff、/f2werenearlyequaltoO.8,thetransientnegativepeak
torquedependsstronglyuponφandξ.Incontrast,whenf2/f、wasaroundO.4,Tpwas「.
independentofφandξ.Itbecameclearthatthe .durationofthetransientstatewas
independentofthephaseangleoftheapPliedvoltage,・andthephaseangledndthe
amplitudeoftheresidualvoltage,butitwasafunctionoff、/f20nly.
・■「
5.Conclu8ion8.'
Inthisstudy,wehaveinvestigatedtheinfluenceoftheappliedvoltageonthe
transientbehaviorofaninductionmotorfollowingadisconnect-reconnectsequence.In
ordertoanalyzetheresultingtransients,thepositive・sequencedifferentialequationsforthe
statorandrotorcurrentsandtheequationfortheinstantaneoustorquewergrepresented
byusingtheinstantaneoussymmetriccoordinatemethod.The!ransientcurrentsand
torquesforthevariablerotorspeedwereobtainedbysolvingthedifferentialequations
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underappropriateinitialconditionsandevaluatingtogetherwiththemotionalequation
bydigitalcomputerusingRunge'Kuttamethod.Inparticular,theeffectsofthephase
anglesandfrequencyofthereappliedvoltageWerestudiedingreatdetail.T}1ehibrid●
solution・ofthiSproblemobtainedbythismethodagreedwiththemeasuredandthecal・
culatedresultsbyd'q・omodelsimulation.
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AUsymbolsare
D:
θα:
eVl:
E:
is:
'U
sedSymbob
inS.1.units.
Dampingcoe伍cient
Instantaneousresidualvoltageolreferencephase.
Positive-sequencecomponentofthemotionale.m.f.
RM.S.statorphasevoltagebeforedisconnectionfromthesupply.
Instantanθouscurrentintheprimary.
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TransientCharacteristicsofInductionMotorDuetoReconnectionofVariableFrequencySupply
1ア:
∠81:
玩:
`γα:
iSlo:
ゴrlo:
ISi:
Iri:
」:
1・:
1ア:
Lm:
乙8=1.十 」Lm:
L7=1十 ヶ1乙m:
ク=∂ μ:
9:
R8:
Rγ:
Instantaneouscurrentinthesecondaryre{eredtotheprimary,
Instantane皿svalueofthepositive'sequencecomponentofis.
Instantaneousvalueofthepositive・sequencecomponentofir.
Instantaneouscurrentintherotorwhiletheresidualvoltageisproduced,
InitialValueOfi81.
InitialValueOf玩.
Laplacetransformofist.
Laplacetransformofi。、.
Momentofinertia.
Prilnaryleakageinductanceperphase.
Secondary'Ieakageinductanceperphase.
Maximummutualinductanceperphasebetweenprimaryandsecondarywindings.
Prlmaryself.inductanceperphase.
Secondaryself.inductanceperphase.
Dif[erentiationoperator.
Numberofpolepa三rs.
Primaryresistanceperphase・
Secondaryresistanceperphase.
5:'Complex・variable.
s:
T:
t:
〆:
ts:
VSI:
v,:
ξ:
φ:
φ!:
ω:
ωノ:
ωm:
!
SliP
Developedinstantaneoustorque.
Timereferredtotheinstantofreconnection.
Timereferredtotheinstantofdisconnection.
Timetakenforthechangeoverfromonesupplytotheother.
Instantaneousvalueofthepositive-sequencecomponentofappliedstatorphasevoltage.
ReconnectedR.M.S.statorphasevoltage..
Initialphaseangleofthereconnectedvoltage.
Initialphaseangleofresidualvoltagereferredtotheinstantofreconnections.
Initialphaseangleofresidualvoltagereferredtotheinstantofdisconnections.
Angularfrequencyofthereconnectedvoltage.
Angularfrequencyofappliedvoltagebe止oredisconnection.
Electricalangularvelocityoftherotor.
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